Persistent organic pollutants (POPs), such as polychlorinated biphenyls (PCBs), have been detected in abiotic Arctic matrices: surface sediments and, sea water and ice from coastal areas in the Kongsfjorden were collected and analyzed. Levels of PCBs varied depending on sampling sites. Total PCBs concentrations were between 11.,63 (site C2W) and 27,.69 pg/ l -1 (site AW). These levels were comparable to those reported previously in lake sediments from the northern Svalbard.
INTRODUCTION
Polychlorinated biphenyls (PCBs) are included in the list of persistent organic pollutants (POPs) that have a long-lifetime in the environment. Due to their chemical and physical characteristics, PCBs were produced between 1929 and late 1970s and used in several industrial applications (Ceccarini and Giannarelli, 2007) . They are also emitted from a number of anthropogenic sources (such as utilization, disposal and accidental releases of products or materials containing these compounds). The incidental or unwanted formation of PCBs e.g., de novo synthesis in combustion processes, thermal process of chlorine-containing materials or combustion of by-products (such as fuel combustion, waste incineration, the oxidation of iron, spills, accidents and emergencies) should be also treated as a possible environmental threat (Kim et al., 2004; Van Gerven et al., 2004; Shin et al., 2006; Sabin et al., 2010) . Despite the fact that the use of these chemicals has either been phased-out or restricted, they are still found in the environment at levels that, due to their bioaccumulation and biomagnification behaviors, may cause negative effects to the human and animal health (Cecinato et al., 2000; Jiao et al., 2009; Wang et al., zone. As the Arctic is a region of intense biological activity, pollutants, often transported far from entrainment areas, are released directly into the surface water where they may easily enter the food chain. As a result of these processes, drifting sea ice may play a role in long-range redistribution of contaminants in the Arctic, which is believed to act as a sink for such chemicals (Garmash et al., 2013) .
Once in the environment, the fate of PCBs is strictly linked to bacteria which represent the first step in the transfer of toxic compounds to higher trophic levels (Gillan et al., 2005; Lo Giudice et al., 2013) . Bacteria possess genetic and biochemical capacities for remediation of PCB pollution. The biodegradation of certain, usually less chlorinated, PCB congeners has been reported for several microorganisms elsewhere in the world.
However, cold-adapted PCB-degraders have been rarely isolated from cold environments, such as Arctic soils (Mohn et al., 1997; Master and Mohn, 1998) and Antarctic seawater and sediment (Yakimov et al., 1999; Michaud et al., 2007; Lo Giudice et al., 2013) . Such isolates could represent a valid alternative to classical methods used for PCB degradation that are generally expensive and inefficient, and can produce secondary sources of pollution such as dibenzofurans and polychlorinated dibenzodioxins (Yang et al., 2004) . As previously reported, in cold environments temperature acts as a major determining factor in the biodegradation process, and specificity of cells for some PCB congeners is generally different at different temperatures (Lambo and Patel, 2006; Michaud et al., 2007; Master and Mohn, 2001) . This is often strictly linked to the expression of genes coding for enzymes responsible for PCB degradation.
In this context, the present study was aimed at both investigating the occurrence of coldadapted PCB-oxidizing bacteria in seawater and sediment along the Kongsfjorden (Svalbard Islands, High Arctic Norway) and analyzing the biodegradation potential at 4 and 15°C of bacterial isolates, by paying particular attention to those belonging to genera that have been never reported as PCB degraders.
MATERIALS AND METHODS
Sampling area. The Kongsfjorden (79° N, 12° E) is a glacial fjord located on the west coast of the Svalbard Archipelago (Arctic Norway). It is about 20 km long and its width varies from 4 to 10 km (Svendsen et al., 2002) . The fjord, whose volume was estimated to be 29.4 km 3 (Ito and Kudoh, 1997) , has different depth zones: the outer part, in connection with the ocean, is the deepest, while the inner area is approximately around 100 m in depth (Hop et al., 2002) . The Kongsfjorden is an open fjord as the water flow is not obstructed by sills at its entrance. The internal circulation is governed by an arm of seawater saltier and warmer, deriving from the Atlantic Ocean, which enters from the south. During summer the water mass is mixed into the fjord with cold and less salty water which derives from melting glaciers. Thus, the outer fjord is influenced by oceanographic conditions and the inner fjord is influenced by large tidal glaciers (Svendsen et al., 2002) . During winter the movement of water is reduced due the ice formation on the surface. Despite what might expect at this high latitude, Atlantic influence makes this fjord sub-Arctic instead Arctic.
Sampling and preliminary treatment of samples. Sampling of seawater and sediment was carried out at seven stations along the coast of the Kongsfjorden (Figure 1 ) in summer 2009. Samples were named using the letters A to E followed by the suffix S (for sediment samples) or W (for water samples). In particular, three samples were collected from the site C (samples C1, C2 and C3) next to the Ny-Ålesund research village.
All samples were aseptically collected and preliminary processed after sampling (approximately 2 h) in the laboratory of the Natural Environment Research Council (NERC) Station (Great Britain) in Ny-Ålesund, as described in the following sections.
Temperature, pH, dissolved oxygen, salinity, conductibility and temperature of water were recorded in water at each sampling point (Table 1) .
PCB concentration in natural samples. Water samples were collected, in triplicate, using 25-L stainless steel containers. Sediment samples were collected using a precleaned stainless steel bailer and stored in pre-cleaned glass jars until analysis. Chemical analyses to determine the PCB concentration in water and sediments samples were carried out by GC-MS. The analytical procedure for PCB determination in water samples has been described elsewhere (Zoccolillo et al., 2004) . The method consisted of a high efficiency liquid-liquid extraction with n-hexane followed by a gas chromatographic analysis with a mass spectrometric confirmation. After collection, water samples (about 20 L each) were immediately subjected to liquid-liquid extraction. The extraction step allowed obtaining about 1000-fold concentration enrichment (the rate water/n-hexane was 1000/1).
A 10-L flat-bottomed flask, a modified flask stopper and a micro extractor were employed for the extraction. A stirring device (MR 3000 D-230 V/50HZ, Heidolph Elektro, Germany) and a stirring magnet (7SWN672 CYL 50×8 mm, Bibby Sterilin Ltd, England) were employed to spread the organic extracting phase into the water sample.
Water (5 ml) was added and the tube was shaken for another minute, followed by centrifugation, and the trimethyl-pentane phase was transferred to a test tube. In accord with the method EPA 3620C to separate analytes from non-polar or slightly polar interfering compounds was used a chromatographic column containing the adsorbing solid phase (Florisil) with a top layer of sodium sulfate, to remove any traces of water (Dual Layer Florisil®/Na 2 SO 4 SPE Tube 2g/2g/6ml Fluorisil particles diameter 150/200 µm, Supelco).
At the end of the purification samples were concentrated using the centrifugal evaporator to a final volume of about 1 ml, checked by weighing. To each sample 10 µl of an injection standard (MBP-CP solution/mixture of PCB77, PCB81, PCB126 and PCB169, conc. 10 µg ml -1 ; Wellington Laboratories) was added before being injected into the gas chromatograph. A gas chromatograph mod. 5890A (Agilent, USA), equipped with a PTV injection system mod. 6890, and coupled with a mass spectrometric detector mod. 5973A
(Agilent, USA) operating both in SIM (Selected Ion Monitoring) and TIC (Total Ion Current) modes, was used for the determination of PAHs.
In both cases, chromatographic separation was performed on a fused silica capillary An additional culture flask was set up for each sample with no added carbon source to serve as a negative control. Three successive enrichments were prepared in Bushnell Haas (BH; Difco) minimal medium amended with 3% (wt/vol) NaCl (BH plus NaCl) by using 10% (wt/vol) culture fluid used as the inoculum for each subculture at 3-week intervals. All cultures were incubated aerobically at 4°C with shaking at 175 rpm.
Bacterial isolation.
Aliquots (100 µl) of the last two enrichments were plated on solidified BH plus NaCl (containing agar; 1.5%, wt/vol). BP was added as crystals in the Petri dish lid after inoculation. Replicate plates were incubated at 4°C for 30 days. BH plus NaCl agar plates without BP were used as a control. For bacterial isolation, colonies were randomly selected from agar plates, picked and subcultured three times under the same conditions. Isolates were named with the station name and matrix (W and S for water and sediment, respectively) followed by the isolation number (e.g., C1W-9 was the isolate 9 from water collected at station C1). Sequencing and analysis of 16S rRNA genes. Amplified products were purified using the QIAquick PCR purification kit (Qiagen), following the manufacturer instructions.
Bacterial
Sequencing was carried out at the Macrogen Laboratory (The Netherland). Next relatives of isolates were determined by comparison to 16S rRNA gene sequences in the NCBI GenBank and the EMBL databases using BLAST, and the "Seqmatch" and "Classifier"
programs of the Ribosomal Database Project II (http://rdp.cme.msu.edu/) (Altschul et al., 1997) .
Sequences were further aligned using the program Clustal W (Thompson et al., 1994) to the most similar orthologous sequences retrieved from database. Each alignment was checked manually, corrected and then analyzed using the Neighbour-Joining method (Saitou and Nei, 1987) Biodegradation efficiency. The biodegradation efficiency on Aroclor 1242 was assayed for selected isolates, as described by Michaud et al. (2007) , with few modifications.
Isolates were grown in 200 ml of Aroclor 1242 (1%) supplemented BH, as described earlier, and incubated at 4 and 15°C in duplicates for one month. Uninoculated controls were incubated in parallel to monitor abiotic losses of the substrates. After incubation, the biodegradation activity was stopped by acidifying cultures with HCl 10 M to achieve pH 2. Cultures were centrifuged at 8000 rpm for 20 min at 4°C to remove cellular material, and extracted in duplicates, as follows. Before PCB extraction, 10 µl of octachloronaphthalene (OCN) solution (5 mg ml -1 in CH 2 Cl 2 ) was added to each aliquot to monitor substrate losses during the extraction procedure. Cultures were extracted three times with 10 ml of CH 2 Cl 2 in a separatory funnels to isolate the organochlorine molecules from the enrichment cultures. Funnels were vigorously shaken for 15 min during each extraction. The three organic phases were pooled and the solvent evaporated to dryness.
The composition of PCBs and their concentration were determined by high resolution gas chromatography-mass spectrometry (GC-MS) using a Perkin-Elmer TurboMS Table 2 ) at concentrations that ranged between 0.13 [PCB 201 (2, 2', 3, 3', 4, 5', 6, 6' octachlorobiphenyl) Table 4 and Fig. 2 . Comparative sequence analysis indicated that the majority of isolates were closely related to already known and/or previously isolated bacteria (16S rRNA similarity, 97%). PCB-oxidizing bacterial isolates mainly belonged to the Actinobacteria (eight and ten from water and sediment samples, respectively), followed by the Gammaproteobacteria (six and seven from water and sediment samples, respectively), CF group of Bacteroidetes (four and six from water and sediment samples, respectively), and Firmicutes (four isolates).
A total of 16 phylotypes were obtained. All sequences with similarity ≥97% were considered to represent one phylotype and were grouped into Operational Taxonomic Units (OTUs). These were generally shared between different stations and/or matrix (sediment and water), whereas few OTUs were retrieved from single samples or matrices (Table 4) . It was the case of OTU 4 (retrieved only in water at station E, EW), OTU 5 (members were isolated only from water at stations C1 and C3, C1W and C3W), OTUs 6 and 7 were retrieved only from sediment at stations B and A, respectively (BS and AS, respectively).
As it is shown in the Figure 2 , the 18 Actinobacteria (four phylotypes) clustered in two main branches: the first one was composed by a single isolate (i.e., AS-7) which was strongly related to the genus Nocardioides, whereas the second branch included members in the genera Salinibacterium (13 isolates within two groups) and Microbacterium (four isolates within the OTU 2). All the Firmicutes (four isolates) clustered in a single OTU (OTU 7) and were strongly related to the genus Planococcus.
Among Gram-negative isolates, the Proteobacteria clustered into the Gamma-and and Bizionia (four isolates within the OTU 6), and the genera Aequorivita spp. (OTU 5
and isolate C2S-1), respectively.
Screening for bphA gene. A total of 17 isolates (out of 45 PCB-oxidizing isolates; seven and ten from water and sediment, respectively) harbored the bphA gene fragment as a 947 bp amplicon was obtained ( Figure S1 ). They belonged to the genera Pseudomonas (isolates C1W-5, C1W-9, C1W-16, BS-23, C1S-1, C1S-20, and C1S-21A), C3W-24A, Salinibacterium spp. C3W-3, C1S-22B and ES-1 (among the Actinobacteria).
In addition, Gelidibacter sp. DS-10 was randomly chosen among those strains that were able to grow in the presence of Aroclor 1242, but did not show the bphA gene fragment.
All results from bacterial cultures were normalized to the abiotic loss level recorded in the control (between 20 and 30% for each). With few exceptions, tested strains showed greater efficiency at 15°C (range 3.5-43.3%) than at 4°C (range 7.4-67.9%) (Figure 3 ).
Degradation of individual congeners was estimated (Table 5) . Isolates were able to reduce most chromatographic peaks by more than 50%, with some di-and trichlorobiphenyls that were quite totally removed (>90%). At this regard, Pseudomonas sp. C1W-9, Devosia sp. DS-1, Salinibacterium spp. ES-1 and C3W-3, and Gelidibacter sp. DS-10 were particularly efficient at 15°C, while Salinibacterium sp. C1S-22B and Microbacterium sp. C3W-24A at 4°C. Finally, tetrachlorobiphenyls were generally more significantly removed at 4 than at 15°C. Temporal trends of POPs show increasing concentrations or a tendency to leveling off depending on the matrix (seawater or sediment) and location, but no uniform picture for the Arctic emerges (Giannarelli S., unpublished data; Garmash et al., 2013) . The biodegradation of PCBs at low temperature conditions is of great importance due to the increasing vulnerability of cold habitats to increasing levels of these persistent pollutants (Bajaj and Singh, 2015) . PCB-mineralizing psychrotolerant bacteria have been previously isolated from Antarctic marine habitats (Yakimov et al., 1999; De Domenico et al., 2004; Michaud et al., 2007; Lo Giudice et al., 2013) and cold Arctic soils (Mohn et al., 1997; Master and Mohn, 1998) . Conversely, to the best of our knowledge, the enrichment, isolation and phylogenetic characterization of PCB-degrading bacteria from
DISCUSSION
Arctic marine environment, such as the Kongsfjorden, is here reported for the first time.
The results obtained from the present study contribute to the understanding on PCB biodegradation potential of bacteria from cold environments. Each of the 246 bacterial isolates analyzed in this work was examined for its ability to grow in the presence of the PCB mixture Aroclor 1242. Overall, 18.3% of isolates (45 isolates) gave a positive result, with percentage of positive bacteria in water samples being higher than those reported for Antarctic seawater (14.7 vs 7.1% of total isolates from seawater; Michaud et al., 2007) .
Conversely, the percentage of PCB-oxidizing isolates from Arctic sediment was comparable to that observed in Antarctica (21.5 vs 21.4% of total isolates from sediment;
Lo Giudice et al., 2013) . In addition, PCB degraders were isolated from all sampling stations suggesting that these microorganisms could be well distributed along Kongsfjorden, including less PCB-contaminated sites.
PCB-oxidizing isolates mainly belonged to bacterial phyla that have been previously reported for the Kongsfjorden using both culture-independent and culture-dependent approaches (Tian et al., 2009; Zeng et al., 2013; Prasad et al., 2014) , and are typically found in the marine environment. This is particularly true for the Gammaproteobacteria constituting a large phylogenetic group of cosmopolitan species which are generally well represented within the marine bacterioplankton communities (Lo Giudice et al., 2012) .
Contrary to the Gammaproteobacteria, the Actinobacteria and Firmicutes are generally thought to be associated with soil and sediment habitats (Peeters and Willems, 2011), while members of the CF group of Bacteroidetes are mainly associated with sea-ice, as well as with glacier snow and ice. As sampling was performed during summer, it is plausible to assume the origin of Bacteroidetes from the sea-ice and glacier compartments.
The enrichment procedure allowed us selecting members in bacterial genera that have been previously detected in polluted environments and/or are well known PCB degraders To confirm the biodegradation capability of our isolates, analyses were carried out at genetic level. The bph gene is organized as an operon that presents, in the order, bphA1A2A3A4-bphB-bphC-bphD. This internal organization is maintained essentially identical in many strains, although it can have deletions of some parts (Hayase et al., 1990) , or different internal reorganization. For example, in Rhodococcus sp. RHA1 genes bph are sorted differently and are plasmid-harbored (Masai et al., 1995; Takeda et al., 2004) . There are also microorganisms with gene cluster bph dissimilar, for organization, number of genes and sequences (Peloquin and Greer, 1993; Arai et al., 1998; Mouz et al., 1999) . The bphA gene portion encodes for the first fundamental step in the biphenyl upper pathway, in which biphenyl is converted to dihydrodiol and further to CBA. The presence of the bacterial bphA gene, confirming the ability to aerobically degrade PCBs, was tested by PCR with a previously published primer set (Master and Mohn, 2001 ).
Interestingly, the bphA gene was detected in a large number of isolates (17 out of 45;
37.8%), thus indicating the strong capability of indigenous bacterial populations to aerobically degrade PCBs in seawater and sediment of the Kongsfjorden. However, the real number of isolates showing the bphA gene was probably underestimated, as little is known about the total coverage of even the degenerated primers that were used. This hypothesis is supported by the high biodegradation potential showed by Gelidibacter sp.
DS-10, even if it did not seem to possess the gene, and by the lack of the gene in all the isolates belonging to the same OTU (i.e., OTUs 1, 2, 3 and 6). It is well known that genes for catabolic functions have adaptively evolved in nature by various genetic events (e.g. mutation, recombination, gene transfer, and assembly), resulting in a family of diverse but highly related sequences (Furukawa et al., 2004) . Considering these facts we could assume that a gene or cluster of genes coding enzymes responsible for the PCB degradation activity is probably plasmid-harbored or present on transposons (Furukawa et al., 2004) . Further analyses will be needed to elucidate the relation between the occurrence of the bphA gene and the biodegradation ability of our bacterial isolates.
The biodegradation potential on Aroclor 1242 was evaluated for eight bphA-harboring isolates, which were selected based on their phylogenetic affiliation, and Gelidibacter sp. The degradation capability at temperatures that are close to the in situ seawater temperature suggests that the microbial community along the Kongsfjorden possess a catabolic potential for PCB degradation that could occur under in situ environmental conditions.
DS
In accordance to Lambo and Patel (2006b) , the different congeners in Aroclor 1242 were differently removed at 4 and 15°C, with di-and trichlorobiphenyls that were better utilized at 15°C, and the degradation of tetrachlorobiphenyls that was generally slowed down at 4°C. This finding suggests that the incubation temperature could be a major determining factor in the biodegradation process and that specificity of cells for some congeners was probably different at different temperatures (Lambo and Patel, 2006b; Michaud et al., 2007) .
Results obtained on the removal patterns of individual PCB congeners also indicate that the biodegradative potential could be related to the phylogenetic affiliation of the isolates.
Differences were also observed among isolates belonging to the same genus, i.e.
Salinibacterium. However, further analyses are needed to establish if the biodegradation ability is species-or strain-specific.
This study is a contribution to the still poor knowledge on psychrotolerant PCBdegrading bacteria. Pollutant removal from vulnerable and extremely cold systems is of vital importance, as bioremediation is now accepted as a practicable approach to eliminate POPs from the environment (Bajaj and Singh, 2015; Fuentes et al., 2010) .
Obtained results suggest that psychrotolerant microorganisms may be exploited for the decontamination of polluted cold sites, thanks to their efficient survival strategies, including enzymes that are active at low temperatures, their ability to cope with in situ environmental conditions and their high biotechnological potential. This could lead to remediation approaches that may be more economical-and environmental-friendly than conventional methods. 
